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Introduction
Polybrominated diphenyl ethers (PBDEs) are anthropogenic chemicals that have been extensively used as flame-retardants. The compounds are incorporated into many types of polymers used in electric circuit boards, computer and TV housing, furniture, building materials, textiles, carpets and vehicles. The concern with PBDEs is that the chemicals can be released into the environment from the products since they are not chemically bound to the materials, and more importantly, they are persistent with a high bioaccumulation potential.
Various PBDEs have been detected with significant levels in environmental matrices such as air (1, 2) , sediment (3) (4) (5) (6) and sewage sludge (7, 8) as well as biological samples such as biota (9) (10) (11) , human blood (12) , adipose tissues (13) (14) (15) (16) (17) and breast milk (18, 19) . In a study on Swedish breast milk, the levels of PBDEs were found to increase from the year of 1972 to
(18).
Recent studies indicate that several PBDE congeners may interfere with the aryl hydrocarbon (Ah) receptor (20) . In rats and mice, 2, 2', 4, 4'-tetraBDE (BDE-47) was found to transform to hydroxylated metabolites (21), which competed with thyroxin for the binding site on transthyretin (22) . Some hydroxylated PBDE metabolites were also found to bind directly to the thyroid receptor (23). The observations suggested that several PBDEs and/or their metabolites might have disrupted the endocrine system (24-26) although the toxicities of PBDEs were considered to be low (27, 28) . These findings indicate the importance and the urgency to accurately identify and determine PBDE levels in the environment.
It was reported that illegal and unsafe recycling operations of electronic wastes (e-wastes) have been conducted in the town of Guiyu in Guangdong, China. The town located northeast of Hong Kong includes a cluster of small villages that have become a booming recycling center for electronic waste arriving from various regions around the world since 1995 (29).
Villagers separate and recover metals from printed circuit boards, PVC-coated wire and cable by open burning. The amounts of scrap computers, monitors and printers are alarming, overflowing in large piles in the front and back yards of villagers. The wires are burned in heaps right in front of the houses, releasing cancer-causing fumes. The unsafe e-waste recycling causes severe environmental pollution from heavy metals, fire retardants, and the formation of polyhalogenated dibenzo-p-dioxins and dibenzofurans (30) . However, little information on the PBDE congener profiles and concentrations in the environment around the e-waste recycling site has been reported. The present study aims to develop a capillary gas chromatography/ion-trap mass spectrometry method to analyze PBDEs in sediment and soil samples collected from the town of Guiyu.
Experimental

Chemical reagents and standard solutions
Dichloromethane, hexane and acetone of Absolve grade were purchased from Tedia Company Inc. (Fairfield, OH, USA). Nonane and sea sand were purchased from Fluka (Milwaukee, USA). Granular anhydrous sodium sulfate (Tedia, Fairfield, USA), silica gel 60 (0.063-0.200 mm, Merck, Whitehouse Station, USA) and neutral alumina (Brockmann I, Standard Grade, ~150 mesh, Aldrich Chemical Co., Milwaukee, USA) were activated at 170 o C for more than 24 h. Copper powder was supplied from UniChem (Surrey, UK).
Concentrated sulfuric acid was purchased from BDH Laboratory Supplies (Dorset, England).
Sulfuric acid-impregnated silica gel (w/w) was prepared by combining concentrated sulfuric acid (30%) with activated neutral silica gel.
All PBDE standard solutions were purchased from Wellington Laboratories (Ontario, Canada After being air-dried at ambient temperature, samples were thoroughly mixed and ground with a mortar and pestle before being passed through a 250-μm sieve to obtain a homogeneous matrix. Four grams of each sample were precisely weighed, spiked with 5 ng of mixed 
GC/MS-MS analysis
The sample extracts were analyzed by GC/MS-MS on a ThermoQuest Trace GC/PolarisQ ion trap mass spectrometer (Austin, TX, USA). The GC system was operated in splitless injection mode, and the purge valve was activated 2 min after the sample injection. C-labeled internal standards were also determined.
RRFs were used to quantify the PBDEs levels in the samples. For those PBDE congeners whose RRF could not be determined due to the lack of authentic standards, estimations of their levels were made by using the RRF value of the most closely eluted PBDE in the same chromatographic window.
Quality assurance and quality control
The quality assurance and quality control (QA/QC) samples included solvent blank, matrix blank and spiked matrix, all of which were analyzed together with the collected soil and sediment samples. The commercially available cleaned sea sand, that was tested and demonstrated to be free of PBDEs, was used for the matrix blank and matrix spiked samples.
Five ng of each of the nine native PBDE standards were spiked into 4 g of sea sand at a concentration of 1.25 ng/g to prepare the matrix-spiked samples for evaluation of the method performance. Relative errors and standard deviations obtained from the analyses of four matrix-spiked samples were used to evaluate the accuracy and precision of the analytical method.
Results and discussion
GC-ion trap MS analysis of the PBDE standards
The method development commenced with the determination of retention time of the 19 native PBDEs and the selection of characteristic ions from the GC/ion trap MS analyses in full-scan EI-MS mode. Baseline separation was achieved for all PBDE congeners except for BDE-209 that was not measured under the present gas chromatography conditions. The analysis of BDE-209 usually involves a special GC approach such as pressure programming or a short chromatography column due to its higher boiling point (32) . ) were observed to be the most intensive peaks and thus were selected as the precursor ions for the subsequent tandem mass spectrometric analysis (Table 2) .
Different fragmentation patterns, however, were obtained for the PBDE congeners containing more bromines, i.e., the tetra-to hepta-PBDEs. For all ortho-substituted tetra-through hepta-PBDEs, predominant ion clusters resulting from the loss of Insert Table 2 here
The predominant ion peak for each congener obtained from its full-scan spectrum was selected as the precursor ion for the MS-MS analysis (Table 2) selected based on the criteria of peak intensity and ion specificity as well as potential interference from other compounds. Consideration was given primarily to the peak intensity in order to achieve the best sensitivity. The selected quantitative ions are summarized in Table 2 .
The next step for MS-MS method development was to optimize the ion-trap MS parameters in series to obtain the best sensitivity for the PBDEs analysis. These parameters Insert Figure 1 here
The calibration standards were analyzed under the optimized MS-MS parameters. The signal-to-noise ratio (S/N) for the GC peak of the selected ion was better than 5 for all calibration points. Linear calibration was obtained within the range of 5-400 pg for mono-BDE, di-BDE and penta-BDE congeners as well as 20-400 pg for hexa-BDE and hepta-BDE congeners. For tri-BDE congeners, the linear calibration range was from 1 to 400 pg. Good correlation coefficients ranging between 0.9853 and 0.9999 were achieved for the calibration curves of all tested PBDE congeners.
Method development for PBDEs in solid samples
Sample preparation procedure for PBDEs in solid samples was performed by using Soxhlet extraction and column chromatographic clean-up. It was reported that Soxhlet extraction provided good efficiency for extracting brominated flame-retardants from sediment and biota samples (33) . Elimination of interferences was achieved by applying the chromatographic clean-up steps with acid silica gel and alumina. No detectable levels of PBDEs were found in matrix and method blanks. The accuracy and precision of the method were evaluated by analyzing the standard sea sand samples in which PBDEs were spiked at 1.25 ng/g. The data of recovery and relative standard deviation were determined and presented in Table 3 . The analysis of the spiked matrix samples containing 5 ng of the PBDE congeners gave average results ranging from 3.20 to 6.55 ng/g (dry weight) with relative standard deviation from 13.8 to 36.1 % (n=4). Higher relative standard deviation was found for the PBDE congeners that contained more bromines such as BDE-153 and BDE-183. Quantitative recoveries of 91.4 to 107.1 % were achieved for the extraction and clean-up procedures for 13 C-labeled internal standards, except for the mono-BDE congener (BDE-3) which had an average recovery of 37.8 %. The poor recovery of BDE-3 was probably due to its relatively low boiling point, resulting in losses during the concentration procedure (34) . Method detection limits obtained with the developed sample preparation procedure and with the optimized GC/MS-MS parameters ranged from 0.013 to 0.25 ng/g (dry weight) for the PBDEs (Table 3) .
Insert Table 3 here
Analysis of PBDEs in soil and sediment samples
The developed GC/ion trap MS method was applied for analyzing the soil and sediment were available, the detection of some of the PBDE congeners could not be conclusively confirmed. Table 4 presents the quantitative results of those identified PBDE congeners whose standards were available as well as the total levels of each isomeric group. The total PBDE levels included the estimated results of those PBDEs whose authentic standards were not available. The obtained data indicated that the PBDEs existed in the soil and sediment samples with concentrations ranging from 0.02 to 824 ng/g (dry weight). The recoveries of the 13 C-labeled internal standards averaged from 81 to 98 % with relative standard deviation ranging from 2.0 to17.9 %, except for 13 C-BDE-3 that had a low recovery of 40 % with RSD of 37.3 %.
Insert Figure 2 and Table 4 here
The concentration of mono-BDE (BDE-3) was 1.01 and 0.34 ng/g in the sediment and one of the soil samples (soil 2), respectively. To our knowledge, this is the first time to report BDE-3 detection in soil and sediment samples. At least two other peaks were observed in the retention segment designed for mono-BDE at 8.02 and 10.09 min (Figure 2A ). The bromine isotope ratio obtained from these two peaks, however, did not match the theoretical isotope contribution within the identification criteria. Furthermore, the peak at 8.02 min was also observed in the chromatogram of method blank sample, clearly indicating that it was not from an isomer of mono-BDE. Two di-BDEs, BDE-7 and BDE-15, were detected at concentrations from 0.26 to 0.52 ng/g in the environmental samples. The detected levels were comparable to those reported in river and coastal sediments from Portugal (6). Two tri-BDEs (BDE-17 and BDE-28) were detected at concentrations varying from 0.34 to 5.15 ng/g in the two soil samples and from 1.05 to 1.09 ng/g in the sediment sample, respectively. Detection of BDE-17
and BDE-28 has been previously reported in crab tissue samples (35) and in air sample (36) , whereas only trace levels of BDE-28 were found in ringed seals' serum samples (37 Two tetra-BDEs, BDE-66 and BDE-71, were detected in all three samples with the highest concentrations up to 16.1 ng/g for BDE-71 in the soil sample collected near the e-waste recycling site (soil 2). BDE-66 was previously detected in human blood samples in Sweden and German (40, 41) and in sediments from Portugal (6). BDE-153, BDE-154 and BDE-138
were detected in the sediment and soil samples at concentrations of 1.23 to 210 ng/g. These three congeners of hexa-BDE were previously found at high levels in blood plasma of workers at a computer disassembly plant (12) as well as in Swedish human liver and adipose tissues (15) . BDE-138 and BDE-139 were also detected in the two soil samples with concentration ranging from 2.35 to 39.9 ng/g, however, they were not detected in the sediment sample collected from Lianjiang River. Table 4 presents total PBDE concentrations from mono-BDEs to hepta-BDEs groups in the sediment and soil samples. The results of total PBDE concentrations consist of those identified PBDE congeners whose standards were available and those congeners whose authentic standards were unavailable. When the authentic standards were unavailable, concentrations of those PBDEs were estimated by using the RRF of a reference congener that had closest retention time in the same window segment. The estimated result was obtained based on the assumption that the MS response of the targeted PBDE was same as that of the reference PBDE. Nevertheless, the data of total PBDEs showed different levels of pollutants between the sediment and soil samples. The total mono-BDE concentrations were 0.34 and 1.01 ng/g for soil 2 and the sediment, respectively. For di-BDE, total congener concentrations were 2.73 ng/g in the sediment, and 2.86 and 2.35 ng/g in the two soil samples, respectively.
For tri-BDE congeners, total congener levels in the sediment and soil 1 were of the same magnitude, but the concentration of total tri-BDE in soil sample 2 (11.2 ng/g) was nearly 4 times higher. For the sediment sample, tetra-and penta-BDEs were the predominant congeners with concentrations at 8.41 and 8.52 ng/g, respectively, while hexa-and hepta-BDEs were also detected at higher levels of 5.27 and 3.81 ng/g, respectively. This distribution pattern was similar to the data that were previously reported on sediment samples from Portugal (6).
Although the two soil samples showed comparable levels of total PBDEs, their isomer patterns were significantly different. While the highest level was observed for the sole hepta-BDE isomer or BDE-183 in the sample of soil 1, penta-BDE isomers existed in soil 2 with the highest concentrations. The level of BDE-183 in soil 1 was nearly 70 times of that in soil sample 2. However, the concentrations of the total tetra-BDE and penta-BDE in soil 2
were approximately 20 and 40 times, respectively, higher than those in soil 1. For soil 2, tetra-, penta-, and hexa-BDE were the predominant isomers and its congener pattern was similar to a commercial penta-BDE formulation, in which tetra-BDEs, penta-BDEs and hexa-BDEs account for 24-38%, 50-60% and 4-8%, respectively (42) . Soil sample 2 was collected in the vicinity of a site for dumping and dismantling printer rollers. The high levels of the PBDE congeners probably resulted from the commercial penta-BDE product used in the fire retardants for printers. Soil sample 1, on the other hand, was collected near the site of burnt plastic. Hexa-BDE and hepta-BDE isomers were predominantly detected in soil 1 with total concentrations of 277 and 824 ng/g, respectively. This PBDE isomer profile has not been reported previously. The concentration ratio of the hexa-BDE to hepta-BDE isomer was similar to that reported in the octa-PBDE-based flame retardant. The octa-BDE product contains 10-12%, 44%, 31-35%, 10-11% and <1% of hexa-BDEs, hepta-BDEs, octa-BDEs, nona-BDEs and deca-BDEs, respectively (27). Unfortunately, the octa-BDEs, nona-BDEs and deca-BDEs could not be analyzed under the current chromatographic conditions.
The levels of total PBDEs in the soil samples collected near the e-waste dumps were apparently higher than those in sediment taken from the Lianjiang River. It appears that the river sediment was contaminated from e-waste activities such as the dumping, dismantling and burning of e-wastes, however, the data was limited and the samples collected for this study was not comprehensive. A number of PBDEs congeners detected at lower levels in the soil and sediment samples were not conclusively identified or confirmed. a Relative standard deviation (n = 4). Total results were the sum of levels from both identified and unidentified PBDE congeners.
The concentrations of the unidentified PBDEs were estimated because the corresponding authentic standards were not available. 
